Serotonin (5HT) is a powerful modulator of respiratory circuitry in vitro but its role in the development of breathing behavior in vivo is poorly understood. Here we show, using 5HT neuron-deficient Pet-1 (Pet-1 −/− ) neonates, that serotonergic function is required for the normal timing of postnatal respiratory maturation. Plethysmographic recordings reveal that Pet-1 −/− mice are born with a depressed breathing frequency and a higher incidence of spontaneous and prolonged respiratory pauses relative to wild type littermates. The wild type breathing pattern stabilizes by postnatal day 4.5, while breathing remains depressed, highly irregular and interrupted more frequently by respiratory pauses in Pet-1 −/− mice. Analysis of in vitro hypoglossal nerve discharge indicates that instabilities in the central respiratory rhythm generator contribute to the abnormal Pet-1 −/− breathing behavior. In addition, the breathing pattern in Pet-1 −/− neonates is susceptible to environmental conditions, and can be further destabilized by brief exposure to hypoxia. By postnatal day 9.5, however, breathing frequency in Pet-1 −/− animals is only slightly depressed compared to wild type, and prolonged respiratory pauses are rare, indicating that the abnormalities seen earlier in the Pet-1 −/− mice are transient. Our findings provide unexpected insight into the development of breathing behavior by demonstrating that defects in 5HT neuron development can extend and exacerbate the period of breathing instability that occurs immediately after birth during which respiratory homeostasis is vulnerable to environmental challenges.
Introduction
Normal development and maturation of the neural circuitry that underlies breathing behavior in mammals is essential for postnatal survival and occurs over a prolonged time frame encompassing the perinatal period (Hilaire and Duron, 1999; Abadie et al., 2000; Thoby-Brisson et al., 2005) . In the mouse, breathing rhythmogenesis begins around embryonic day (E) 15 and can be localized bilaterally in the ventrolateral medulla in the area of the preBötzinger Complex (Abadie et al., 2000; Thoby-Brisson et al., 2005) . By E18, the respiratory control system is well developed and is capable of supporting survival ex utero , but respiratory cycle durations are highly irregular (Di Pasquale et al., 1992; Greer et al., 1992; , and breathing frequency and minute ventilation are relatively depressed . Between E18 and postnatal day (P) 2, breathing cycles stabilize but ventilation remains depressed, whereas respiratory frequency and ventilation subsequently increase dramatically from P3 to P9 , indicating that breathing behavior continues to mature well into the postnatal period.
Several neurotransmitters including glutamate, substance P, GABA and noradrenaline are known to influence respiratory network activity during these periods of respiratory maturation (Ritter and Zhang, 2000; Zhang et al., 2002; Hilaire et al., 2004; Thoby-Brisson et al., 2005; Hilaire, 2006; Zanella et al., 2006) . In addition, a preponderance of physiological data indicate that respiratory drive is increased by exogenously applied serotonin (5HT) agonists or stimulation of endogenous 5HT release during the perinatal period, both in vivo and in vitro (for review, see Hilaire and Duron, 1999; Richerson, 2004) . Moreover, either increased or decreased serotonergic activity can alter the pattern of respiratory rhythm in the isolated neonatal spinal cord and brainstem (Hilaire and Duron, 1999; Bou-Flores et al., 2000) , suggesting that 5HT also serves to establish and/or maintain respiratory stability within developing respiratory control circuits. However, whether serotonergic activity is required for the maturation of breathing behavior in the intact newborn is not known.
A critical limitation for investigating the developmental role of 5HT in neonatal breathing in vivo has been the lack of a genetic loss of function approach that can establish specific and stable deficiencies of central 5HT neuron function during the early stages of respiratory maturation. Such an approach has provided insights into noradrenergic and ret signaling pathway contributions to the development of respiratory control (Shirasawa et al., 2000; Dauger et al., 2001; Viemari et al., 2004 Viemari et al., , 2005a . Several characteristics of Pet-1 ETS transcription factor expression suggest Pet-1 homozygous null (Pet-1 −/− ) mice may provide an effective experimental system for understanding serotonergic requirements for respiratory maturation in vivo. Specifically, Pet-1 expression in the brain is restricted to 5HT neurons and their undifferentiated embryonic precursors (Hendricks et al., 1999) . In Pet-1 −/− mice the majority of 5HT neuron precursors fail to synthesize 5HT while those that do express the transmitter show defects in serotonergic gene expression (Hendricks et al., 2003) . This results in a severe deficiency of 5HT neurons in all midbrain, pontine and medullary raphe nuclei. Consequently, 5HT levels are only 10-15% of wild type in developing and adult Pet-1 −/− brains while other monoaminergic neurons do not appear to be affected (Hendricks et al., 2003) .
Here we report, using plethysmography and the in vitro rhythmic brainstem slice preparation (Smith et al., 1991) , a transient respiratory depression and instability in Pet-1 −/− neonates, the severity of which is susceptible to environmental conditions. These findings suggest that Pet-1 −/− mice provide a novel genetic approach to investigate the role of serotonergic function in the development of breathing behavior, as well as a tractable model system for exploring how serotonergic defects might contribute to developmental disorders of respiratory control such as sudden infant death syndrome (SIDS).
Methods

Pet-1 −/− mice
All animals used in this study were derived from a single colony established at Case Western Reserve University (CWRU). Pet-1 −/− mice were produced on a mixed C57BL/6 and 129 background (Hendricks et al., 2003) . Following completion of the initial plethysmographic studies at CWRU, sentinel screening revealed that these mice had been exposed to several murine pathogens, including mouse hepatitis virus, mouse parvovirus, Pseudomonas and Syphacia. Subsequently, eight founder mice that had been re-derived from the pathogenexposed (PE) stock were used to generate a second pathogen-free (PF) colony at The College of New Jersey (TCNJ). Since March 2004, mice from the TCNJ colony have tested negative (Charles River Mouse Tracking Test) for murine pathogens. The most recent test was in June 2006, following completion of all data collection. In both colonies, mice were maintained using standard animal husbandry procedures (12-h light:12-h dark cycle, food and water ad libitum). The animal care and experimental procedures used in this study were consistent with US National Institutes of Health Animal Care and Use Guidelines and were approved by the Institutional Animal Care and Use Committees (IACUC) at both CWRU and TCNJ.
Body weight and survival data
Pet-1 +/− mice were mated and pregnant dams were checked twice daily for pups during the perinatal period. A birth date of P 0.5 was assigned to the day in which pups were first detected with the dam. All pups were weighed, toe-clipped to distinguish individuals, and a tail tissue sample was taken for Pet-1 genotyping using standard PCR protocols (Hendricks et al., 2003) . Birth weight and genotype data were collected from 86 different litters (PE: 61; PF: 25). However, only litters with indications of attentive maternal care (e.g. pups kept warm in a huddle, evidence of successful suckling in at least some of the pups) were used to monitor survival and obtain daily weights.
In vivo body plethysmography
Ventilatory measurements were obtained on postnatal days 0.5, 4.5 and 9.5 using a small pneumotachograph and a 20 mL body plethysmograph chamber in the "head out" configuration (Mortola and Noworaj, 1983; Mortola, 1984) . The plethysmograph consisted of two compartments, one serving as a body chamber and the other for gas delivery to the animal. The two compartments were separated by a parafilm-latex-parafilm "sandwich" that served both to seal the body chamber to the gas chamber (parafilm) and to form an airtight seal around the animal's neck. Holes were cut through the two sheets of parafilm that were larger than the head of the animal. Two slits perpendicular to one another were cut through the thin (6.7 mil) latex to form a cross-shaped opening through which the animal's head was inserted until the latex rested just behind the ears. Particular care was taken to size the opening to minimize neck constriction. Temperature within the chamber was measured and kept within the thermo-neutral range (32-34 • C) for neonatal rodents (Mortola and Dotta, 1992) via an infrared lamp. The side-arms of the pneumotachograph were connected to a differential pressure transducer (Model DP-103, Validyne Engineering, Northridge, CA) and the analog signal from the transducer was demodulated (model CD-15 carrier demodulator, Validyne), amplified and integrated (Gould model 11-4113-01, Cleveland, OH), digitized (TL-1 DMA interface, Axon Instruments Inc., Foster City, CA) and captured to disk (Axotape, v.1.2, Axon Instruments) for subsequent analysis. Breathing gas was delivered continuously to the animal (30 mL/min) through a baffle to minimize stimulation of facial sensory receptors, and the gas composition could be changed without flow interruption. Effluent gas from the plethysmograph was monitored with O 2 and CO 2 analyzers (model FC-10/CA-10, Sable Systems International, Las Vegas, NV).
Once within the plethysmograph, each animal was allowed to acclimate for a period of at least 5 min prior to measurements while breathing 21% O 2 (balance N 2 ; normoxia). After the acclimation period, resting ventilation was recorded continuously under normoxic conditions for at least 10 min. To measure ventilatory responses to either decreased environmental O 2 or elevated CO 2 , a control period of quiet resting breathing in normoxia was obtained for 5 min immediately prior to a 2 min exposure to either a hypoxic (10% O 2 , balance N 2 ) or hypercapnic (5% CO 2 , 21% O 2 , balance N 2 ) gas mixture, followed by a 5 min recovery period in normoxia. During both the initial control and final recovery periods, 50 L of air was injected at least three times into the body chamber with a syringe (model 1710, Hamilton Company, Reno, NV) to serve as calibration pulses for tidal volume measurements (Mortola, 1984) .
Each record of ventilation was analyzed using commercially available software (Aquis1 v4.0, Bio-Logic Science Instruments SA, Claix, France) modified to detect minima and maxima of individual breaths, calculate tidal volume (V T ), and measure inspiratory time (T I ), expiratory time (T E ) and the total time for each breath (T TOT ), from which instantaneous breathing frequency (f) was determined (1/T TOT × 60). All detected breaths were hand-checked for accuracy. Coefficients of variation for these ventilatory parameters were calculated as the standard deviation S.D./mean × 100. Minute ventilation (V E ) was calculated as V T × f. Tidal volume was measured based on the mean voltage deflections arising from the 50 L calibration air injections. Calibration values were used to calculate V T only if the beginning and final mean values were within ±10% of one another, indicating no substantial change in neck seal characteristics during the recording. Average resting ventilatory parameters were determined from 10 min segments of continuous plethysmographic recordings from which movement artifacts had been eliminated prior to analysis. There was no significant difference between wild type and Pet-1 −/− animals in the amount of movement artifact (percentage of total record) during any of the experimental procedures reported here (J.T.E., unpublished data). The duration and frequency (number per unit time) of prolonged respiratory pauses (here defined as an absence of breathing movements ≥1 s in duration occurring either at the end of inspiration or at the end of expiration) were measured during resting ventilation under normoxic control conditions and during the 5 min recovery period after exposure to hypoxia. These pauses were excluded from estimates of mean f, T I , T E , V T and their coefficients of variation. Acute ventilatory responses to hypoxia were assessed by averaging ventilatory parameters over the first 15 s of the 2 min hypoxic exposure, and were expressed as percent change from the 5 min pre-stimulus control level. Similarly, ventilatory parameters to elevated CO 2 were averaged over the last minute of the 2 min CO 2 exposure and expressed as percent change from the average values obtained during the 5 min pre-stimulus control period. All ventilatory measurements and data analyses were performed without a priori knowledge of genotype.
In vitro hypoglossal nerve activity
Activity in hypoglossal nerve rootlets, which carry inspiratory-related motor discharge, was recorded to assess central respiratory rhythm from brainstem slices containing the preBötzinger Complex (preBötC), using previously described methods (Smith et al., 1991) . Briefly, P4.5 wild type and Pet-1 −/− mice from the PE colony were deeply anesthetized with isoflurane and the brainstem and cervical spinal cord were rapidly removed and placed in chilled artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 25 NaHCO 3 , 3 KCl, 1.5 CaCl 2 ·2H 2 O, 1.0 MgSO 4 ·7H 2 O, 0.5 NaH 2 PO 4 ·H 2 0, 30 d-glucose and equilibrated with 95% O 2 and 5% CO 2 (pH: 7.35-7.40 at 5 • C). Thick (∼500 m) transverse slices containing the preBötC and rostral end of the hypoglossal (XIIth) motor nucleus with intact XIIth nerve rootlets were cut from the medulla oblongata (Vibratome Co. 1000, St. Louis, MO), placed in a polycarbonate recording chamber (0.2 mL volume; Warner Instruments, Hamden, CT) and viewed using a fixed-stage upright electrophysiology microscope (Leica DM LFS; Leica Microsystems Inc., Bannockburn, IL). The slices were superfused continuously (4 mL/min) with ACSF at 27 • C. Rhythmic respiratory network activity was recorded extracellularly from XIIth nerve rootlets via fire-polished glass suction electrodes (tip diameters 40-140 m). The nerve signal was amplified 20,000-50,000× (Axon Instruments CyberAmp 380; Molecular Devices Corporation, Sunnyvale, CA), bandpass filtered (0.3-1 kHz), digitized (10 kHz), then full-wave rectified and averaged over a 200 ms window (ʃXII) with Chart software (ADInstuments, Colorado Springs, CO). Extracellular potassium concentration was changed from 3 to 8 mM to alter network excitability in the slice in a controlled fashion. The stability of integrated XIIth nerve activity from both wild type and Pet-1 −/− brainstem slices was assessed initially by plotting n versus n + 1 Poincaré plots (Nayfeh and Balachandran, 1995; Garfinkel et al., 1997) of interburst interval (analogous to T E in vivo) from a 10 min continuous recording, as described by Del Negro et al. (2002) . Subsequently, a measurement of the interval entropy (Reeke and Coop, 2004 ) was applied to the phasic network XIIth nerve to quantify variability in the respiratory timing signal.
Immunohistochemistry
Newborn (P4.5) animals were anesthetized deeply and perfused through the heart with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.4. The head of the animal was removed, post-fixed overnight (4% paraformaldehyde/0.1 M PB), infiltrated with 30% sucrose in 0.1 M PB for 24-48 h, placed in a 1:1 mixture of 30% sucrose and Tissue Tek embedding medium (Baxter Scientific, McGraw Park, Il) for 24 h, embedded and frozen in Tissue Tek over dry ice, and stored at −80 • C until use. Frozen serial sections (20 m) through the head were cut in the transverse or sagittal plane, thaw-mounted onto microscope slides, then processed immunohistochemically to detect either tyrosine hydroxylase (TH) or 5HT. TH staining was performed as previously described (Erickson et al., 1998) using a polyclonal rabbit anti-TH antibody (1:600; Pel-Freeze, Rogers, AR) and a goat anti-rabbit IgG-FITC secondary antibody (1:200; Jackson ImmunoResearch Laboratories Inc., West Grove, PA). 5HT immunostaining was performed using a polyclonal rabbit anti-5HT antibody (ImmunoStar Inc., Hudson, WI; #20080) and a goat anti-rabbit IgG-FITC secondary antibody (1:200; Jackson ImmunoResearch). Sections were equilibrated to room temperature, immersed in PB-Triton (PBT; 0.1 M PB with 10% Triton X-100) for 15 min, soaked in blocking solution (PBT with 2% sheep serum) for 1 h at room temperature, then incubated with primary antibody (diluted 1:8000 in blocking solution) overnight at 4 • C in a humidified chamber. The next day, the sections were thoroughly rinsed (6 × 5 min) with PBT, incubated with secondary antibody (diluted in PBT/2% sheep serum) in the dark at room temperature for 2 h, rinsed (6 × 5 min, in the dark), exposed to freshly made ρ-phenylenediamine (1 mg/mL; Sigma-Aldrich Inc., St. Louis, MO; P6001) for 1 min, rinsed in PB (2 × 10 min), then cover-slipped with glycerol gel. Sections were stored at −20 • C until use.
Cell counts
The total number of 5HT cells in the medulla oblongata (raphe pallidus, raphe obscurus, raphe magnus and their lateral extensions) was estimated from serial sagittal sections in P4.5 wild type and Pet-1 −/− null mice from both the PE and PF colonies (n = 5 for each genotype in each colony) using an unbiased stereological technique, the optical fractionator (West et al., 1991) . Counting was performed using a Nikon Eclipse E800 microscope, a Nikon DXM1200F digital camera, and Act-1 imaging software (v2.62). Individual estimates of the total number of 5HT-stained neurons (N) were calculated using the formula: N = Q − × 1/ssf × 1/asf × 1/tsf, where Q − is the sum of the counted neurons for each sample, ssf the section sampling fraction, asf the area sampling fraction and tsf is the thickness sampling fraction. For each animal, all brainstem sections containing the structures of interest were identified and were sampled systematically using a uniform random sampling procedure. Briefly, the initial section to be measured was selected randomly from the first four sections in the series and every fourth section thereafter through the entire series was analyzed (i.e. ssf = 1/4). Within each selected section, the specific area containing 5HT cells to be counted was selected using a random number generator in conjunction with a numbered grid applied to the computer monitor that covered the entire area of interest when captured at 10×. Once randomly selected, the area was viewed at 40× for counting, centered on a second onscreen grid containing regularly spaced counting (Disector) frames. The size of the disector frame and the distances separating the frames in both the x and y direction was calibrated with a stage micrometer imaged at the same (40×) magnification. These procedures set the area sampling fraction (frame area = 269 m 2 , step area = 1076 m 2 , asf = 269/1076 = 1/4). The full thickness of the section was used as the height of the optical disector (i.e. tsf = 1). 5HT-stained cells could be distinguished clearly from unstained cells, however, the cell nucleus was often indistinct. Therefore, the cell body was used as the object counted. While focusing down through the tissue section, all cell bodies that either touched the inclusion lines of the disector frame or fell within the frame were counted, whereas cell bodies that fell outside the frame or touched the exclusion lines of the frame were not. Each onscreen image (at 40×) encompassed 30 disector frames, each of which was examined for the presence of 5HT-stained cells.
Statistical analyses
Weight data were analyzed within each colony using oneway ANOVA at each age, followed by post hoc testing with the Bonferroni correction for multiple comparisons. Unpaired t-tests were used for weight comparisons between either wild type or Pet-1 −/− mice at each age across colonies. To test for genotype differences in neonatal mortality and to assess genotype frequencies, Chi-square analyses were performed and the Yates correction factor was applied to 2 × 2 contingency tables. Unpaired t-tests were used to compare mean ventilatory parameters (f, T E , T I , V T , etc.) between wild type and Pet-1 −/− null mice of the same age, either within or between colonies. Similarly, unpaired t-tests were used to compare mean ventilatory responses to elevated oxygen or CO 2 levels (expressed as % change from baseline control) between genotypes. When comparing mean ventilatory parameters at different ages, paired t-tests were employed. One-way ANOVA was used test for differences in interburst intervals or interval entropy values derived from in vitro recordings of XIIth nerve discharge from wild type and Pet-1 −/− brainstem slices. 5HT cell counts were analyzed using a two-way ANOVA (2 × 2 design) with genotype (levels = wild type and Pet-1 −/− null) and location (levels = PE and PF) as the tested factors. Unless specified otherwise, all values are reported as the mean ± the standard deviation (S.D.). For all statistical tests, α = 0.05.
Results
5HT neuron-deficient Pet-1 −/− neonates have a low birth weight and experience increased early postnatal mortality
We reported previously that adult wild type and Pet-1 −/− mice do not differ significantly in body weight (Hendricks et al., 2003) . However, measurements taken on the day of birth indicated that Pet-1 −/− neonates in both the PE and PF colonies had significantly reduced body weights compared to wild type littermates and these weight differences persisted through the second postnatal week (Supplementary Table 1 ). No age-specific differences in body weight were detected between wild type and heterozygous animals in either colony. When comparisons were made between wild types or Pet-1 −/− mutants across colonies, no significant difference in body weight was found at any age through P10.5.
We also reported non-Mendelian numbers of Pet-1 −/− mice at weaning, suggesting increased mutant mortality (Hendricks Table 1 Pet-1 mutant mice are born in normal Mendelian ratios but a significant subset die prematurely during the first postnatal week
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In both colonies, postnatal mortality rates of −/− mice were significantly greater than either +/+ or +/− animals, while the mortality rates of +/+ and +/− mice were not significantly different from one another. In addition, there was no significant difference in mutant mortality rates between the two colonies (χ 2 , P = 0.83, 2d.f.). et al., 2003) .
To determine at what point in development the increased mortality occurred, we counted the numbers of live wild type, Pet-1 +/− and Pet-1 −/− mice present at birth and each day thereafter for 10 days. Pet-1 −/− mice were born in expected Mendelian ratios (Table 1A ), indicating that they survived to birth. Significantly, nearly a third of the mutant mice died within 5 days of birth in the PE colony (Table 1B, PE) , and 23% died in the PF colony (Table 1B, PF) . By contrast, in both colonies, wild type and Pet-1 +/− animals had similar and significantly lower mortality rates than Pet-1 −/− mice. After postnatal day 5 the number of Pet-1 −/− deaths was not different from that of their Pet-1 +/− or wild type littermates. These findings suggest an early postnatal critical period during which low birth weight Pet-1 −/− neonates are at increased risk of death.
Breathing frequency is depressed and interrupted more frequently by prolonged respiratory pauses in Pet-1 −/− neonates from the PE colony
Plethysmographic recordings on the day of birth revealed a highly variable breathing pattern in both wild type and Pet-1 −/− mice (Fig. 1A, P0 .5), as is typical of newborn mammals (Mortola, 1984) . The Pet-1 −/− null mice could sustain periods of rhythmic breathing (Fig. 1A −/−, top trace), however, compared to wild type littermates, this was interrupted more frequently by prolonged (≥1 s) respiratory pauses (Fig. 1B) of longer mean duration (+/+, 2.18 ± 0.21 s, n = 13 versus −/−, 2.93 ± 0.21 s, n = 13, P = 0.0183). Both wild type and Pet-1 −/− neonates experienced prolonged respiratory pauses during expiration, however, the majority of these pauses occurred at the end of inspiration ( Fig. 1A ; 105/145 = 72% were end-inspiratory in +/+ and 193/238 = 81% were end-inspiratory in −/− animals). When these long respiratory pauses were excluded from the analysis, the breathing frequency (f) of the Pet-1 mutants was found to be significantly depressed by 21% compared to wild type controls, due to a 30% increase in expiratory time (T E ), while no genotype-specific differences in breath-to-breath variability of f, T E and inspiratory time (T I ) were observed ( Fig. 2A-C ; Table 2A ). The baseline ventilatory pattern in the Pet-1 −/− null mice was therefore characterized by an underlying depression of breathing frequency that was exacerbated by a higher incidence of prolonged respiratory pauses, compared to wild type controls.
Similar measurements on P 4.5 revealed a worsening respiratory phenotype in the Pet-1 −/− mice, relative to wild type littermates. At this age, f was decreased by 30% in the mutants, due to significant increases in both T I (46%) and T E (61%) (Figs. 1A (P4.5) and 2D and E; Table 2B ). Tidal volume did not differ between genotypes at this age (+/+, 28 ± 1 L, n = 11 versus −/−, 23 ± 3 L, n = 7; P = 0.0538), however, minute ventilation was depressed by 28% in the Pet-1 −/− neonates (+/+, 2133 ± 207 L/min/g, n = 11 versus −/−, 1539 ± 102 L/min/g, n = 7; P = 0.0462). Importantly, the breathing pattern remained highly variable in Pet-1 −/− mice, while the variability of f, T E and T I decreased significantly in wild type animals between the day of birth and P4.5 ( Fig. 2F ; paired t-tests between P0.5 and P4.5, CVf, P = 0.0004; CVT I , P = 0.0002; CVT E , P = 0.0036). In addition, the depressed rhythmic ventilation in the Pet-1 −/− neonates continued to be interrupted more frequently by prolonged respiratory pauses than in wild type littermates (Fig. 1C) . Similar to P0.5, the majority of these pauses occurred at the end of inspiration (+/+: 39/48 = 81%; −/− 92/112 = 82%). Occasional sighs were observed, however, the frequency of these augmented breaths was not different between genotypes (+/+, 0.40 ± 0.06 min −1 versus −/−, 0.36 ± 0.09 min −1 ; P = 0.6736). Taken together, these data indicate that 5HT neuron-deficient Pet-1 −/− mice are born with an underlying abnormality in ventilatory control and are unable to stabilize their breathing pattern as well as wild types during the early postnatal period.
The respiratory phenotype of Pet-1 −/− mice improves with increasing postnatal age
To determine whether the breathing deficits observed in Pet-1 −/− mice on P4.5 were permanent; we repeated our measurements on postnatal day 9.5. By this age, breathing behavior in the Pet-1 −/− neonates from the PE colony was markedly improved (Fig. 3A , −/−; compare with Fig. 1A , P4.5 −/− recorded from the same animal). Mean f was depressed by only 13% relative to the wild type ( Fig. 3C ; Table 2C ), due to a 25% increase in T E (Fig. 3B) . Tidal volume was significantly greater in wild type animals (+/+, 46 ± 2 L, n = 9 versus −/−, 35 ± 4 L, n = 5; P = 0.0210) due to a pronounced difference in body size at this age (Supplementary Table 1 ). However, weight-specific minute ventilation was not different between the two groups (+/+, 1723 ± 102 L/min/g, n = 9 versus −/−, 1660 ± 118 L/min/g, n = 5; P = 0.7083). We found similar variability in f and T I between wild type and Pet-1 −/− mice at P9.5, whereas the coefficient of variation of T E remained greater in the mutants (Fig. 3D) . Variability of T E was, however, significantly less than at P4.5 (Table 2B and C; paired t-test, P = 0.0307). In addition, although we continued to detect occasional short respiratory pauses in Pet-1 −/− mice (see, e.g. Fig. 3A) , we rarely observed prolonged (≥1 s) pauses in the Pet-1 −/− animals at this age. The significant improvement in breathing behavior in the Pet-1 mutants by P9.5, relative to wild type controls, indicates that a regular and stable breathing pattern can eventually develop in the 5HT-deficient Pet-1 −/− mice. However, the loss of serotonergic modulation delays the normal time course of postnatal respiratory maturation, significantly prolonging the early neonatal period that is characterized by highly unstable ventilation. Table 2A and B for sample sizes and P values. between genotypes on P9.5. At this age prolonged respiratory pauses were rarely seen in the serotonin-deficient mice. Values are means ± S.D. * P < 0.05; ** P < 0.01. See Table 2C for sample sizes and P values. 
Irregular central respiratory rhythm in Pet-1 −/− neonates
We wondered whether the depressed and irregular breathing we observed in Pet-1 −/− mice in vivo might reflect deficiencies at the level of the central respiratory rhythm generator. Previous in vitro studies indicated that application of serotonergic agonists or stimulation of endogenous 5HT release in brainstem tissue has excitatory effects on developing neural networks responsible for respiratory rhythmogenesis (see Hilaire and Duron, 1999) . We therefore predicted that respiratory activity in vitro would be relatively depressed in 5HT-deficient Pet-1 −/− mice. To test this prediction, we compared hypoglossal (XIIth) nerve discharge from brainstem slice preparations taken from P4.5 wild type and Pet-1 −/− mice in the PE colony (Fig. 4A) . These slices contained the preBötC and all necessary and sufficient neural circuitry to generate fictive inspiratory rhythm (Smith et al., 1991) . We found no genotype-specific differences in burst duration (5 mM, +/+, 0.506 ± 0.083 s, n = 11 versus −/−, 0.596 ± 0.284 s, n = 10, P = 0.3265; 8 mM, +/+, 0.617 ± 0.183 s, n = 16 versus −/−, 0.683 ± 0.244 s, n = 15, P = 0.3992) or burst area (5 mM, +/+, 0.370 ± 0.068 V s, n = 11 versus −/−, 0.449 ± 0.141 V s, n = 10, P = 0.1132; 8 mM, +/+, 0.340 ± 0.078 V s, n = 16 versus −/−, 0.447 ± 0.286 V s, n = 15, P = 0.1601) of XIIth nerve discharges at either level of extracellular potassium tested (Fig. 4B) , suggesting that inspiratory drive in vitro is not significantly affected by 5HT deficiency. Construction of Poincarè plots (Del Negro et al., 2002) derived from interburst intervals (analogous to T E in vivo) measured in wild type brainstem slices revealed nerve discharges that were consistently regular and predictable, and characterized by a compact distribution of points in a dense cluster (Fig. 4B , +/+). By contrast, similar plots derived from Pet-1 −/− slices displayed fewer points over the same time period in a much more diffuse pattern (Fig. 4B , −/−), suggesting that 5HT plays a role in the timing of the discharges. Quantitative analysis of these data indicated that XIIth nerve discharges from Pet-1 −/− slices had a significantly longer interburst interval (and therefore lower discharge frequency) than wild type slices, when tested at two different levels of extracellular potassium concentration (Fig. 4C) . Potassium levels were altered to uniformly change the excitability of all neuronal populations contained within the slice. The Poincarè analysis suggested that the timing of successive XIIth nerve discharges were poorly correlated in the Pet-1 −/− slices. We used interval entropy analysis (Reeke and Coop, 2004) to quantify and compare the variability of interburst intervals in the respiratory neural network between genotypes. This analysis demonstrated that the inter-burst intervals between XIIth nerve discharges were significantly more variable in Pet-1 −/− than wild type slices (Fig. 4D) , particularly at near physiologic extracellular potassium levels (Brockhaus et al., 1993) . Combined with our in vivo studies, these data suggest that the ventilatory abnormalities in resting ventilation we observed in intact 5HT-deficient Pet-1 −/− neonates derive, at least in part, from depressed and irregular output from the central respiratory rhythm generator.
The respiratory phenotype of Pet-1 −/− neonates is susceptible to environmental conditions
After completion of our initial plethysmographic study, sentinel testing of the original Pet-1 colony revealed exposure to several murine pathogens (see Section 2). We therefore established a second Pet-1 mutant colony under pathogen-free (PF) conditions and repeated our in vivo plethysmographic studies. Similar to PE Pet-1 −/− mice, the incidence of prolonged respiratory pauses during resting ventilation in normoxia was significantly increased in P4.5 Pet-1 −/− animals in the PF colony, compared to PF wild type controls (Fig. 5J) . Resting ventilation was also significantly impaired in P4.5 Pet-1 −/− neonates from the PF colony but this impairment was less severe than in the PE colony ( Fig. 5A-C ; data from the PE colony presented in Fig. 2 is repeated here for easy comparison (see also Tables 2B and 3) . Specifically, the mutant f in the PF colony was depressed by only 12% relative to wild type controls (Fig. 5B) due to a 24% increase in T E but no difference in T I (Fig. 5A ). In addition, no significant differences in variability of f, T I or T E were observed between wild type and Pet-1 −/− mutants in the PF colony (Fig. 5C ), whereas the Pet-1 −/− mice in the PE colony displayed greater variability than the wild type in all three parameters. Importantly, when ventilatory parameters from wild type animals from each colony were compared directly (Fig. 5D-F ) no significant differences were observed in any of the measured parameters, highlighting the fact that the breathing pattern in wild type animals was not influenced by any differences in environmental conditions within the PE and PF colonies. In stark contrast, however, all ventilatory parameters measured in Pet-1 −/− neonates from the PE colony were significantly different when compared directly with the PF colony (Fig. 5G-I) . Thus, breathing frequency was significantly lower (Fig. 5H) , both T I and T E were greater (Fig. 5G ) and the coefficients of variation for all three parameters were greater (Fig. 5I) in Pet-1 −/− mice reared in the PE colony. Taken together, these findings confirm an underlying abnormality of breathing behavior in Pet-1 −/− neonates and demonstrate that the magnitude of these deficits is susceptible to environmental influences.
The incidence of prolonged respiratory pauses can be increased in Pet-1 −/− neonates by low environmental oxygen
To further explore the influence of environmental conditions on breathing behavior in Pet-1 −/− neonates, we measured the ventilatory responses of P4.5 wild type and Pet-1 −/− mice to low environmental oxygen. During the initial 15 s of a 2 min exposure to a 10% O 2 test stimulus, wild type and Pet-1 −/− mice from the PE colony increased f, tidal volume and minute ventilation to the same relative extent (Fig. 6A) , indicating that Pet-1 −/− neonates are able to detect low environmental O 2 and respond acutely with an immediate increase in breathing. Consistent with this finding, immunohistochemical staining of the carotid body and petrosal ganglion with an antibody against tyrosine hydroxylase, a marker for both carotid body glomus cells (Erickson et al., 1998) and carotid body chemoafferent neurons (Katz and Black, 1986) , revealed no obvious differences in these structures between wild type and Pet-1 −/− mice (Fig. 6B) , suggesting the presence of an intact carotid body chemoafferent pathway in the mutant. During the hypoxic exposure, the incidence of prolonged respiratory pauses in both wild type and Pet-1 mutants decreased (data not shown). However, when switched back to a normoxic gas mixture at the end of the hypoxic exposure, the PE mutants exhibited a nearly threefold increase in the incidence of prolonged respiratory pauses during the post-hypoxic recovery period (Fig. 6C (−/−) and D (PE −/−)). Pet-1 −/− mice from the PF colony, in contrast, were unaffected by the same hypoxic exposure (Fig. 6D , PF −/−). Importantly, the incidence of prolonged respiratory pauses during the recovery period was not increased in wild type animals , s), breathing frequency (f, breaths/min) and their coefficients of variation (CVT I , CVT E , CVf; S.D./mean × 100) for P4.5 wild type (+/+) and Pet-1 knockout (−/−) mice reared in a pathogen-free (PF) colony. Statistical comparisons (P) between genotypes within the colony for each parameter reveal a milder respiratory phenotype compared to the pathogen-exposed colony (see Table 1B ). (B) Statistical comparisons of ventilatory measurements made on P4.5 between similar genotypes (+/+ or −/−) across-colonies (PE vs. PF). No differences were detected between PF and PE wild type animals. By contrast, mutant mice from the PF and PE colonies differed significantly in all ventilatory parameters tested; n = sample size. P = two-tailed t-tests, α = 0.05. ** P < 0.01 Tables 2B and 3 for sample sizes and P values.
from either colony following hypoxia (Fig. 6D +/+ PE and PF). In the PE colony, mean respiratory pause duration was not different between genotypes during the pre-hypoxia control period (+/+, 2.43 ± 0.31 s versus −/−, 1.99 ± 0.17 s; P = 0.1763), but increased significantly in the Pet-1 −/− animals during the normoxic recovery period (2.64 ± 0.15 s versus control value of 1.99 ± 0.17 s; P = 0.0257) and decreased significantly in the wild types (1.65 ± 0.09 s versus control value of 2.43 ± 0.31 s; P = 0.0029). Moreover, the range of pause durations observed in the PE Pet-1 −/− mice during the recovery period was substantially wider than in wild type controls (+/+: 1-3.5 s versus −/−: 1-8.6 s). Interestingly, a 2 min exposure to 10% O 2 did not increase the incidence of prolonged respiratory pauses in P9.5 PE mice (data not shown). Taken together, these data show that a brief exposure to low environmental O 2 during the early postnatal period can further destabilize breathing in Pet-1 −/− mice in an environment-dependent manner.
Pet-1 −/− neonates respond normally to increased environmental CO 2
Since serotonergic neurons in the brainstem have been proposed as central CO 2 sensors (Wang et al., 2001; Bradley et al., 2002; Richerson, 2004) , we compared the respiratory responses of P4.5 wild type and Pet-1 −/− mice to high (5%) environmental CO 2 (in 21% O 2 , balance N 2 ). We found no significant differences in f (P = 0.6575), tidal volume (P = 0.5495) or minute ventilation (P = 0.6259) between the genotypes when measured during the second minute of a 2 min continuous exposure (Fig. 7) . Comparison of the incidence of long respiratory pauses in +/+ and −/− mice from either the pathogen-exposed (PE) or pathogen-free (PF) colony while breathing 21% O 2 before (Normoxia) or during a 5 min normoxic period following a 2 min exposure to 10% O 2 (recovery). A significant increase in the incidence of hypoxia-induced pauses was seen only in −/− mice from the PE colony. Values are means ± S.E. Scale bars: panel B, 100 m; panel C, horizontal, 2 s, vertical, 50 L. * P < 0.05.
The loss of 5HT cells in the medulla oblongata is identical in the PE and PF colonies
We considered the possibility that the significant differences in respiratory phenotype we detected between Pet-1 −/− neonates in the PE and PF colony might be due to more extensive 5HT cell losses in knockouts from the PE colony. We therefore used an unbiased stereology-based technique, the optical fractionator (West et al., 1991) , to estimate and compare total 5HT-immunostained cell number in the medulla oblongata in P4.5 wild type and Pet-1 −/− mutant mice from each colony. We found a 67% decrease (+/+, 2189 ± 351, n = 5 versus −/−, 733 ± 80, n = 5) in the total number of medullary 5HT-labeled cells in PE null mutants, relative to wild type controls (Fig. 8) , very close to the 70% overall loss of 5HT cells in these mice originally reported by Hendricks et al. (2003) . In the PF colony, we found a virtually identical 66% decrease in medullary 5HT cell number (+/+, 2221 ± 253, n = 5 versus −/−, 746 ± 50, n = 5) in PF Pet-1 −/− mice relative to PF wild types (Fig. 8) . A twoway ANOVA revealed a highly significant treatment (genotype) effect (F(1,16) = 219.2, P < 0.0001), but no significant location (F(1,16) = 0.051, P = 0.824) or interaction (F(1,16) = 0.009, P = 0.924) effects. These data indicate that the total number of 5HT cells in the medulla oblongata in wild type animals from the PE and PF colonies were identical, as was the magnitude of the 5HT cell losses sustained by the null mutants in each colony. Therefore, differences in 5HT cell number, per se, cannot account for the more severe respiratory phenotype that we observed in mutant mice from the PE colony.
Discussion
Numerous in vitro studies have demonstrated excitatory (Murakoshi et al., 1985; Di Pasquale et al., 1992; Lindsay and Feldman, 1993; Al-Zubaidy et al., 1996; Hilaire et al., 1997; Onimaru et al., 1998; Schwarzacher et al., 2002) and stabilizing (Bou-Flores et al., 2000; Peña and Ramirez, 2002) roles for 5HT neuromodulation during maturation of the respiratory control system, particularly during the perinatal period. However, it is not yet clear whether a specific developmental deficiency of 5HT influences maturation of breathing behavior in the intact mammalian neonate. Here we report, using 5HT neuron-deficient Pet-1 −/− mice, that serotonergic neuron function is required for stabilization of ventilation after birth and proper timing of respi- Fig. 7 . Breathing responses of P4.5 wild type (+/+, n = 12) and Pet-1 null mutants (−/−, n = 8) from the PF colony to 5% CO 2 (in 21% O 2 , balance N 2 ) expressed as mean percent change from pre-stimulus control levels. Measurements were made during the final minute of a 2 min stimulation period. No significant differences (two-tailed t-test, α = 0.05) were observed between genotypes in breathing frequency (A), tidal volume (B) or minute ventilation (C). Values are means ± S.E. ratory maturation during the early postnatal period. Of particular significance is our finding that breathing behavior in Pet-1 −/− neonates can be adversely influenced by environmental conditions. Moreover, loss of 5HT neuron function is associated with increased neonatal mortality. Thus, our study provides unanticipated insights into the impact of serotonergic deficiencies on the maturation of breathing behavior, which may be relevant to understanding mechanisms underlying early childhood respiratory disorders such as SIDS.
Serotonergic function and breathing stability
The establishment of rhythmogenesis during embryonic development does not require a full complement of 5HT neurons since Pet-1 −/− mice are capable of rhythmic ventilation at birth. However, the baseline breathing frequency is depressed at this age and ventilation is interrupted by prolonged respiratory pauses more frequently in Pet-1 −/− animals than in wild type littermates, indicating that breathing behavior is already compromised in mutant mice very early in postnatal development. The respiratory phenotype of Pet-1 −/− neonates further diverges from wild type during the first postnatal week. Whereas both wild type and Pet-1 −/− mice initially display a high degree of variability in breathing pattern in vivo that is characteristic of all newborn mammals (Mortola, 1984) , breathing irregularities in wild type animals diminish greatly by P4.5 while respiratory depression and instability persists in the knockouts at this age.
One function of the 5HT system may be to provide excitatory drive, perhaps through direct modulation of synaptic and/or intrinsic pacemaker properties, that promotes a dynamic and stable reconfiguration of the central respiratory network during a critical perinatal period (Peña and Ramirez, 2002; Ramirez and Viemari, 2005) . Peña and Ramirez (2002) have shown that blockade of endogenously activated 5HT-2A receptors in mouse brainstem slices decreases the frequency and regularity of respiratory neuron activity, suggesting that 5HT acts directly on the rhythm-generating network to stabilize breathing rhythm. This could serve to smooth the transition from the intrauterine environment where inhibition of breathing movements is prominent (Jansen and Chernick, 1991) , to the external environment where continuous and stable breathing movements are required. Our finding that central respiratory rhythm in Pet-1 −/− mouse brainstem slices is depressed and more disordered compared to wild type controls, particularly at extracellular potassium concentrations (5 mM) that are close to normal physiologic levels (Brockhaus et al., 1993) , supports this idea and suggests that endogenous 5HT normally provides excitatory drive during early postnatal development to stabilize output from the central respiratory rhythm generator.
Surprisingly, we found that by P9.5 the breathing phenotype of Pet-1 −/− mice had improved significantly. Specifically, breathing frequency was nearly normal, the variability of f and T I were comparable to wild type, and the variability of T E was significantly reduced. In addition, the high incidence of prolonged respiratory pauses during resting ventilation that was characteristic of P0.5 and P4.5 Pet-1 −/− mice was no longer detectable. One major consequence of loss of Pet-1 gene function, therefore, is to significantly prolong the initial ventilatory instability that is typical of the immediate postnatal period. Taken together, these data indicate that 5HT neuron function is crucial for achieving ventilatory stability immediately after birth and appears to be much less important, or not required, for maintaining this stability later in postnatal development. Burnet et al. (2001) have shown that increased levels of 5HT in MAO-A-deficient mice during the perinatal period alter respiratory network maturation, while high 5HT levels in adult mice impair reflex responses to hypoxia and lung inflation. Although breathing behavior appears to normalize in the Pet-1 mutants during the second postnatal week, the possibility remains that the loss of 5HT neuron function as a result of Pet-1 gene deletion could also impair specific aspects of respiratory control in older animals.
The specific underlying mechanisms whereby serotonergic neurons stabilize breathing postnatally remain to be determined. As discussed above, a direct effect of 5HT is likely. However, the possibility that 5HT acts indirectly by modulating other neurotransmitter systems should also be considered. For example, endogenous noradrenaline can modulate neonatal respiratory rhythm (see Hilaire, 2006) . In particular, A 2 /C 2 neurons in the nucleus tractus solitarius have been implicated in exerting a stabilizing influence on respiratory rhythm (Zanella et al., 2006) . Since catecholaminergic neurons in this region receive serotonergic synaptic input (Pickel et al., 1984) , it is possible that the effects we have observed in 5HT neuron-deficient Pet-1 −/− mice are indirect and result from the loss of 5HT modulation of noradrenergic influences on central rhythm generation. In addition, a developmental switch from excitatory to inhibitory ␥-aminobutyric acid (GABA)-mediated neurotransmission has been shown to occur in mouse preBötC neurons during the first postnatal week (Ritter and Zhang, 2000; Zhang et al., 2002) . Since serotonergic inputs have been shown to delay the mat-uration of inhibitory (GABAergic) influences on developing rhythmic circuits in the spinal cord (Branchereau et al., 2002; Allain et al., 2005) , it is conceivable that the loss of 5HT neuron function results in premature switching to GABA-mediated inhibitory inputs to the respiratory central pattern generator, resulting in a longer period of depressed and unstable breathing in Pet-1 −/− mice.
We observed prolonged respiratory pauses in both wild type and Pet-1 mutants during the early postnatal period that occurred predominantly at the end of inspiration. Respiratory pauses with a similar profile have been reported previously in a variety of different species, including humans, using several different recording methods (Farber, 1972 (Farber, , 1978 Farber and Marlow, 1978; Fisher et al., 1982; Radvanyi-Bouvet et al., 1982; Mortola, 1984 Mortola, , 1987 , suggesting that these pauses are a general and relatively common phenomenon during early postnatal respiratory maturation in mammals. These pauses are initially common in human infants (Fisher et al., 1982) and newborn rats (Mortola, 1987) but decline in frequency shortly after birth, similar to the pattern we have observed in newborn mice in the present study. Mortola (1984) has demonstrated that they occur in the absence of diaphragmatic EMG activity, suggesting closure of the upper airway as a probable cause, possibly at the laryngeal level, in agreement with earlier conclusions (Farber, 1972 (Farber, , 1978 . The function of these occluded breaths is not known although it has been suggested that elevated airway pressure associated with these breaths may provide a "back force" to help clear pulmonary fluid from the lungs and promote even lung expansion in the initial postnatal period (Mortola, 1987) . Since laryngeal muscles help maintain airway patency (Bartlett et al., 1973; Harding et al., 1986) , we speculate that the increased incidence of endinspiratory pauses in 5HT-deficient Pet-1 neonates may be due, at least in part, to decreased muscle tone in the upper airway, resulting in more frequent airway occlusions. This is consistent with the fact that motor neurons in the rodent nucleus ambiguus that drive laryngeal muscle contraction receive substantial serotonergic innervation (Sun et al., 2002) and can be excited by iontophoretically applied (Fenik et al., 1997) or endogenously released (Holtman et al., 1987) 5HT. Additional studies will be needed to document any deficiencies in motor control of upper airway musculature in the Pet-1 null mutants and to eliminate the possibility that neck seal constriction, in conjunction with decreased muscle tone, contributed to the increased frequency of occluded breaths in the Pet-1 −/− mice.
Responsiveness to elevated CO 2 or decreased O 2 levels
P4.5 Pet-1 −/− mice responded vigorously to a 5% CO 2 challenge with an increase in both tidal volume and breathing frequency, despite the loss of 67% of caudal brainstem 5HT neurons. This is an interesting finding, given the recent proposal that 5HT neurons contribute significantly to central CO 2 chemoreception (Richerson, 2004; Richerson et al., 2005) . It may be that the remaining 5HT neurons in the Pet-1 −/− brain are sufficient for normal CO 2 responsiveness. Alternatively, 5HT neurons may constitute only one of several redundant neuronal populations (see Mulkey et al., 2004; Guyenet et al., 2005) that are capable of responding to changes in brain CO 2 /pH levels and initiating reflex changes in ventilation. In addition, we found that 10% O 2 stimulated similar relative increases in tidal volume and breathing frequency in wild type and Pet-1 −/− mice, and no obvious differences in the morphology of the carotid body or carotid body afferent neurons were observed in the mutant. It is therefore unlikely that the depressed and irregular resting ventilation we observed in newborn Pet-1 −/− mice was due to functional impairment of the carotid body chemoafferent pathway or to a generalized loss of central neuronal excitability in the 5HT-deficient Pet-1 −/− mice.
Susceptibility to environmental challenge
In the present study, specific features of the Pet-1 −/− mutant phenotype were invariant, regardless of the environmental conditions under which the newborns were born and nurtured, while others were not. In both colonies Pet-1 −/− mice were born smaller, lagged in body weight, experienced an increased incidence of prolonged respiratory pauses during resting ventilation, and were much more likely to die during the first postnatal week, compared to wild type littermates. However, additional aspects of the phenotype including baseline breathing frequency, the variability of breathing parameters (f, T I and T E ) and the ability of short-term hypoxia to induce more frequent prolonged respiratory pauses, were clearly different (and worse) in Pet-1 −/− mutants from the PE colony. It is important to note that differences in respiratory phenotype between colonies were observed only in the mutant mice; wild type animals from the PE and PF colonies were completely indistinguishable in all respects. These findings demonstrate that the arrest of 5HT neuron differentiation resulting from loss of Pet-1 function establishes an underlying deficit in respiratory control that is susceptible to environmental conditions. We do not yet know the specific environmental conditions responsible for these differences. The fact that the PE colony was exposed to several murine pathogens certainly raises the possibility that the pathogen load contributed, either directly or indirectly, to the more severe respiratory phenotype in the mutant PE mice. A direct effect would seem most likely, although the possibility that a pathogen-induced alteration in maternal behavior may have indirectly impacted the phenotype of the PE mutant neonates cannot be excluded completely. Additional studies will be needed to determine whether, for example, respiratory infection caused by specific pathogens can exacerbate the unstable resting ventilation or promote hypoxia-induced respiratory pauses in Pet-1 −/− neonates. Nevertheless, these findings are important in that they establish, in principle, the 5HT-deficient Pet-1 −/− mouse as a tractable model system for further understanding the interplay between environmental factors and 5HT neuron function on respiratory homeostasis and survival during early postnatal development.
Relevance to SIDS
Kinney and colleagues have hypothesized in the "triple risk" model of SIDS that at least some SIDS cases involve an under-lying abnormality in 5HT neuron development which disrupts normal protective homeostatic responses to life-threatening environmental "trigger" factor(s) during a critical developmental period of cardiorespiratory control (Kinney, 2005; Kinney et al., 2005) . Intriguing new neuropathological findings appear to support this model and suggest that 5HT neuron differentiation is disrupted in SIDS (Paterson et al., 2006) . Specifically, the number of brainstem tryptophan hydroxylase (TPH)-immunoreactive cells is significantly greater in SIDS cases compared to controls, while SIDS cases have reduced levels of 5HT-1A receptor binding in the raphe nuclei, reduced levels of the 5HT transporter relative to 5HT neuron number, and altered morphology of 5HT neurons (Paterson et al., 2006) , suggesting that defects in 5HT neuron differentiation may cause a compensatory increase in TPH immunoreactive cells in the brainstem. However, an open question in this study is whether the observed 5HT abnormalities in the SIDS cases, especially the number of TPH immunoreactive cells, were the outcome of abnormal serotonergic neuron development or resulted secondarily from some insult common to SIDS (e.g. hypoxia) experienced near the time of death. This question is of particular importance given the time interval between death and postmortem processing of tissue samples, and the impossibility of obtaining the most appropriate control tissue for comparison (i.e. brainstems from healthy individuals who would otherwise not die of SIDS, collected and processed without delay). Moreover, it is not possible to tell from this study whether the increased TPH-stained cell number is indicative of increased serotonergic neurotransmission in the SIDS brain.
In view of these uncertainties, we believe our findings complement those of Paterson et al. (2006) and provide genetic support for the 5HT "triple risk" model. Our data demonstrate that a specific developmental arrest in 5HT neuron differentiation delays respiratory maturation after birth, resulting in a prolonged postnatal period characterized by a depressed and unstable breathing pattern that is vulnerable to environmental conditions. The finding that Pet-1 −/− neonates are at increased risk for early mortality is also consistent with this model. Given the strikingly SIDS-like phenotype of the Pet-1 −/− mouse and the current uncertainty concerning the level of 5HT neuron activity, and 5HT synthesis, release and synaptic clearance in the SIDS brainstem (Paterson et al., 2006) , our study raises the possibility that deficient rather than excessive serotonergic neuromodulation may play a role in SIDS. Indeed, increased neonatal mortality has not been reported in monoamine oxidase A null mutant mice that develop with an excess of 5HT (Cases et al., 1995; Bou-Flores et al., 2000) . Although our data does not yet allow us to establish a direct causal relationship between mortality and breathing deficits, they certainly suggest the possibility that the increased mortality of Pet-1 −/− neonates may result from a genetically compromised cardiorespiratory homeostatic response to environmental factors. It is likely that other deficits, for example, heart rate variability or abnormalities in arousal during changes in sleep state, contribute to neonatal Pet-1 −/− deaths. A search for additional physiologic deficits in Pet-1 −/− mice, as well as identification of specific environmental factors that exacerbate cardiorespiratory instability and/or increase neonatal mortality, should help to clarify this issue. In this regard, Pet-1 −/− neonates appear to provide a powerful animal model for providing important additional insights into the interactions between 5HT neuron function and environment in the development of neonatal breathing disorders.
